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TECHNICAL NOTE 3663 

DISCHARGE COEFFICIENTS FOR COMBUSTOR- LINER AIR- ENTRY HOLES 

I - CIRCULAR HOLES WITH PARALLEL FLOW 

By Ralph T. D i t t r i c h  and Charles C.  Graves 

SUMMARY 

An experimental invest igat ion was conducted t o  determine t h e  e f f e c t s  
of various geometric and flow f a c t o r s  on t h e  discharge coef f ic ien ts  f o r  
c i r c u l a r  holes having flow p a r a l l e l  t o  t h e  plane of t h e  hole. 
r i c  and flow f a c t o r s  considered were hole diameter, w a l l  thickness at t h e  

01' I hole, paral le l - f low duct height, boundary-layer thickness, parallel-flow 
u velocity,  s ta t ic -pressure  level ,  and pressure r a t i o  across t h e  t e s t  hole. 

The geomet- 
I+ 

m 
Discharge coeff ic ients ,  corrected f o r  pressure-rat io  e f fec ts ,  were 

cor re la ted  with a flow parameter incorporating t h e  t o t a l  and s t a t i c  pres- 

range investigated,  the  e f fec ts  of hole diameter and w a l l  thickness a t  
t h e  hole on discharge coef f ic ien ts  were small compared with t h e  e f f e c t s  
of paral le l - f low veloci ty  and s ta t ic-pressure r a t i o  across t h e  hole. The 
e f f e c t s  of duct height, boundary-layer thickness, and s ta t ic -pressure  
l e v e l  were negligible.  

U sures of t h e  discharge j e t  and of t h e  parallel-flow stream. Within t h e  

INTRODUCTION 

Knowledge of t h e  discharge coeff ic ients  of combustor-liner w a l l  
openings i s  e s s e n t i a l  i n  $he calculat ion of total-pressure l o s s  and l i n e r  
a i r - f low d i s t r i b u t i o n  fo r  turboje t  and can-type r a m -  j e t  combustors. Ac- 
cordingly, one phase of a research program being conducted a t  t h e  NACA 
Lewis laboratory on combustors i s  concerned with t h e  determination of t h e  
discharge coef f ic ien ts  of these openings. This repor t  covers an inves t i -  
ga t ion  of the  discharge coef f ic ien ts  f o r  c i r c u l a r  holes. 

The discharge coef f ic ien t  of a square-edged, th in-p la te  o r i f i c e ,  
where t h e  flow i s  normal t o  t h e  plane of t h e  o r i f i c e ,  is a function of 
t h e  geometry of t h e  flow passage and o r i f i c e  as wel l  as t h e  flow condi- 
t i o n s  (ref.  1). Geometric f a c t o r s  include o r i f i c e  diameter and thickness 
as w e l l  as duct diameter and s t r a i g h t  length; flow fac tors  include 
Reynolds and Mach numbers. For air  admission holes i n  t y p i c a l  combustor 



NACA TN 3663 
m 

l i n e r s ,  however, t h e  flows i n  t h e  passage outside the  l i n e r  (external  
flow) and inside t h e  l i n e r  ( i n t e r n a l  flow) are e s s e n t i a l l y  p a r a l l e l  t o  
t h e  plane of t h e  opening. Under these  conditions, addi t iona l  geometric 
and f l o w  f a c t o r s  must be considered. These include (1) t h e  geometry of 
t h e  hole r e l a t i v e  t o  t h a t  of t h e  external-  and internal-flow passages, 
( 2 )  the ex terna l  and i n t e r n a l  v e l o c i t i e s  r e l a t i v e  t o  t h e  j e t  velocity,  
(3) the external-  and internal-flow dens i t ies ,  and (4) t h e  external-  and 
internal-veloci ty  p r o f i l e s  (refs. 2 t o  6 ) .  

w 
(D 
UI 
rp Previous invest igat ions ( r e f s .  2 t o  6 )  of t h e  discharge coef f ic ien ts  

f o r  holes with p a r a l l e l  flow have been confined t o  the  study of t h e  ef-  
f e c t s  of flow v e l o c i t i e s  and hole diameter and were l imi ted  i n  range of 
operational var iables .  In  these investigations,  it w a s  found t h a t  hole 
discharge coef f ic ien ts  vary appreciably with both i n t e r n a l  and external  
p a r a l l e l  flow. 
ics ,  the e f f e c t  of t h e  various other geometric and flow f a c t o r s  on t h e  
discharge coeff ic ient  of l i n e r  w a l l  openings must a l s o  be known. 

However, f o r  a complete analysis  of combustor aerodynam- 

This invest igat ion supplements ex is t ing  data  f o r  t h e  discharge coef- 
f i c i e n t  of c i r c u l a r  holes with p a r a l l e l  flow. 
fac tors  studied, with t h e i r  ranges, a r e  as follows: 
0.125 to  1.50 inches, ( 2 )  external-flow passage height, 0.74 t o  2.23 
inches, (3)  w a l l  thickness a t  hole, 0.040 t o  0.500 inch, (4)  external- 
parallel-flow velocity,  0 t o  500 f e e t  per second, (5) s ta t ic -pressure  
drop across tes t  hole, 1.0 t o  470 pounds per square foot,  (6) boundary- 
layer  thickness of external-parallel-flow stream, 0.040 t o  0.100 inch, 
and (7)  s t a t i c  pressure of external  stream, 1060 t o  3605 pounds per square 
foot  absolute. The airstream temperature w a s  approximately 75' F. For 
t h e  present t e s t s  t h e  i n t e r n a l  p a r a l l e l  flow was zero. 
references 2 and 4 indicate  t h a t  t h e  da ta  should be applicable t o  t h e  
case of combined i n t e r n a l  and external  p a r a l l e l  flow provided t h e  j e t  
velocity i s  grea te r  than t h e  internal-  paral le l - f low ve loc i ty  and t h e  
correct j e t -out le t  s t a t i c  pressure i s  used. 

The geometric and flow F 

(1) hole diameter, 
4 

The r e s u l t s  of 

The da ta  a r e  correlated on the  b a s i s  of flow parameters and show 
t h e  magnitude of t h e  e f f e c t  of the  geometric fac tors  on t h e  discharge 
coeff ic ients  of c i r c u l a r  holes.  

SYMBOLS 

The following symbols a r e  used i n  t h i s  report :  

Ad area of duct cross section, sq f t  

Ah area of c i r c u l a r  hole, sq f t  
d 

4 
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C 

cP 

CP,a 

CP?b 

CP,t 

P C 

g 

J 

'd 

pd 

Pj 

Td 

'd 

'3 

wth 

wh 

f% 

pj 

discharge coefficient, ratio of measured to theoretical flow 
through hole 

discharge coefficient, corrected for pressure ratio effect 

discharge coefficient, corrected for pressure ratio effect, for 
a given wall thickness 

discharge coefficient, corrected for pressure ratio effect, for 
a 0.040-inch-thick wall 

discharge coefficient, corrected for pressure ratio and w a l l  
thickness effects 

specific heat of air at constant pressure, 0.24 Btu/lb/OR 

acceleration due to gravity, 32.2 ft/sec 2 

mechanical equivalent of heat, 778 ft-lbs/Btu 

total pressure of duct air, lb/sq ft abs 

static pressure of duct air, lb/sq ft abs 

static pressure of jet air, lb/sq ft abs 

total or stagnation temperature of duct air, OR 

velocity of approach stream at hole in duct, ft/sec 

velocity of jet, ft/sec 

theoretical mass flow of air through hole, lb/sec 

measured mass flow of air through hole, lb/sec 

mass density of air at duct static pressure and temperature, 
slugs/cu ft 

slugs/cu ft 

slugs/cu ft 

mass density of air at duct total pressure and temperature, 

mass density of air at jet static pressure and temperature, 



4 NACA TN 3663 

APPARATUS 

Test Sect ion 

A sketch of t h e  apparatus used f o r  t h e  study of discharge coeff i -  
c ien ts  for c i r c u l a r  holes having external  p a r a l l e l  flow i s  shown i n  f i g -  
ure 1. The i n l e t  of t h e  4-inch square duct was  connected t o  e i t h e r  t h e  
laboratory air-supply system or room air, and t h e  o u t l e t  w a s  connected t o  

air-flow r a t e  were controlled by means of valves located upstream and 
downstream of t h e  t e s t  sect ion.  Methods f o r  varying tes t -hole  diameter, 
t e s t - p l a t e  thickness, duct height, and boundary-layer thickness were in- 
corporated i n  t h e  design of t h e  t es t  sect ion.  
of one wall of t h e  t e s t - s e c t i o n  duct was  replaced by a 0.040-inch-thick 
metal p la te  containing t h e  square-edged test  hole. The t e s t  p l a t e  w a s  
located f lush  with t h e  inside of t h e  duct wall ,  reinforced on t h e  
downstream s i d e  by a metal frame, and held i n  place and sealed along i t s  
edges by a high-temperature seal ing wax. Although t h e  face  of t h e  t e s t  
p l a t e  was f l a t  r a t h e r  than curved as i n  combustor l i n e r s ,  t h e  e f f e c t  of 
t h i s  difference i n  hole geometry on t h e  discharge coef f ic ien t  f o r  a c i r -  c 

cular  hole was assumed negligible.  A plenum chamber enclosing t h e  t e s t  
p l a t e  was connected t o  t h e  low-pressure exhaust system through a flow 
control  valve and an a i r  metering system. 

CA 
W 
UI 
Ip 

t h e  laboratory low-pressure exhaust system. The duct s t a t i c  pressure and 

A port ion (4.0 by 8.5 i n . )  

Four 0.040-inch-thick t e s t  p la tes  having nominal hole diameters of 
0.125, 0.25, 0.75, and 1.50 inches were used. The p la tes  with 0.125- and 
0.25-inch-diameter holes contained f i v e  holes each. These holes were 
spaced 1/2 inch apart ,  center t o  center,  along a l i n e  normal t o  t h e  duct 
axis .  The multiple holes were used t o  maintain flow r a t e s  i n  a range of 
suf f ic ien t  accuracy. For t h e  larger  holes (0.75- and 1.50-in. diam. ), a 
s i n g l e  hole was used. P la te  thickness a t  t h e  0.75-inch-diameter t e s t  
hole was var ied by coaxially a t taching a r i n g  of t h e  desired thickness 
and having an ins ide  diameter equal t o  t h a t  of t h e  t e s t  hole t o  t h e  low- 
pressure s i d e  of t h e  t e s t  p la te .  

Duct height w a s  varied by mounting wood blocks of t h e  desired thick- 
ness i n t h e  duct opposite t h e  t e s t - p l a t e  w a l l  (fig. l ( a ) ) .  
end of the blocks (contract ion sec t ion)  had an e l l i p t i c a l  p r o f i l e  with 
a major- t o  minor-axis r a t i o  of 2.  
of t h e  contraction sec t ion  t o  t h e  center of t h e  t e s t  hole was 2.75 inches 
f o r  test, holes 0.75- inch diameter and smaller. With t h e  1.50- inch- 
diameter test hole, t h i s  dis tance w a s  6.75 inches f o r  a t e s t  with a 0.74- 
inch duct height and 9.75 inches f o r  a t e s t  with a 2.23-inch duct height.  
A 30-mesh screen w a s  located at t h e  t e s t - s e c t i o n  upstream f lange i n  order 
t o  provide a uniform ve loc i ty  d i s t r i b u t i o n .  

The upstream 

The dis tance from t h e  downstream end 

In  order t o  vary t h e  boundary-layer thickness,  t h e  t e s t  apparatus 
The tes t  p l a t e  w a s  mounted on a was modified as shown i n  f i g u r e  l ( b ) .  
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p a r t i t i o n  member and immersed 1/4 inch i n t o  t h e  duct stream, thereby 
forming a boundary-layer bleedoff s l o t  a t  i t s  upstream edge. This p a r t i -  
t i o n  member, which was sandwiched between t h e  t e s t  s ec t ion  and t h e  plenum 
chamber, i so l a t ed  t h e  boundary-layer bleedoff a i r  from t h e  t e s t -ho le  a i r .  
The boundary-layer bleedoff passage was connected t o  t h e  laboratory low- 
pressure exhaust system through a flow con t ro l  valve and an a i r  metering 
s ys t em. 

Instrumentation 

A measurement of duct pressures as c lose  t o  t h e  t e s t  hole as possi-  
b l e  w a s  des i red  because of t o t a l -  and s t a t i c -p res su re  va r i a t ions  along the  
approach duct due t o  w a l l  f r i c t i o n  and changes i n  ve loc i ty  p r o f i l e .  
ever, preliminary pressure surveys indicated t h a t ,  with a l a rge  hole  and 
small duct-height configuration and a given duct t o t a l  pressure and ve- 
l oc i ty ,  t h e  s t a t i c  pressure a t  t h e  duct wal l  opposi te  t h e  center  of t h e  
t e s t  hole var ied with flow through the  tes t  hole. Therefore, t o t a l  and 

s t a t i c  pressures w e r e  measured a t  s t a t ions  located 3- inches upstream of 
t h e  center  of t h e  1.50-inch-diameter h o l e  and 1 inch upstream of t h e  t es t  
holes having diameters 0.75 inch and smaller. Pressures a t  these  up- 
stream s t a t i o n s  remained constant throughout t h e  range of t e s t -ho le  a i r  
flows with a l l  configurations investigated.  

How- 

1 
4 

The probe used f o r  determining duct t o t a l  pressure and boundary- 
l aye r  p r o f i l e  i s  shown i n  f igu re  l ( a ) .  
tubing having a 0.020-inch outside diameter and a 0.002-inch w a l l  th ick-  

The probe t i p  w a s  made from 

7 

ness f l a t t e n e d  t o  0.010 inch and measured inches from the  probe 

stem axis .  A t raverse  of a por t ion  of t h e  duct was poss ib le  by r o t a t -  
ing  the  probe stem through a small angle .  Reference 7 ind ica tes  t h a t  
a thin-wal l ,  blunt-nose -total-pressure tube i s  i n s e n s i t i v e  t o  misaiine- 
ment between tube and stream within the range of *11 degrees. The 
probe stem w a s  e l e c t r i c a l l y  insu la ted  from t h e  tes t  sec t ion  i n  order 
t h a t ,  as t h e  probe stem w a s  ro ta ted ,  contact of t h e  probe t i p  with the  
duct w a l l  could be indicated by e l e c t r i c a l  cont inui ty .  Pos i t ion ing  of 
t he  probe t i p  i n  t h e  duct w a s  control led by a micrometer ac t ing  upon a 
l eve r  which ro t a t ed  the  probe stem. J e t  s ta t ic -pressure  taps  were lo -  
cated on the  downstream face  of the  t e s t  p l a t e  as shown i n  f igu re  l ( a ) .  
The loca t ion  of t he  j e t  s ta t ic -pressure  taps  w a s  not  c r i t i c a l  i n  t h e  
absence of p a r a l l e l  flow on the  downstream face  of t h e  t e s t  p l a t e .  
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Hole 
diam., 

i n .  

0.125 
.125 
.25 
.25 
.75 
.75 
.75 
.75 
.75 

1.50 
1.50 
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Test-plate  
thickness,  

in .  

0.040 
.040 
,040 
,040 
.040 
.125 
.500 
.040 
.040 
.040 
.040 

PROCEDURE 

Hole discharge-coeff ic ient  and boundary-layer-profile da ta  were 

Duct s t a t i c  
pressure, 
lb/sq f t  abs 

obtained f o r  t h e  following s e r i e s  

Boundary- 
layer  
bleedoff 

of tests: 

Number 
of 
holes  

5 
5 
5 
5 
1 
1 
1 
1 
1 
1 
1 

Duct 
height,  

in.  

1.98 
2.23 
2.23 
1.98 
2.23 
2.23 
2.23 
2.23 
2.23 

.74 
2.23 

19 10 
1910 
1910 
1910 
1910 
1910 
1910 
1060 
3605 
1910 
1910 

Yes 
No 
No 

Yes 
No 
No 
No 
No 
No 
No 
No 

Each t e s t  series w a s  run a t  external-paral le l - f low v e l o c i t i e s  of 0, 
40, 70, 150, 300, and 500. f e e t  per second. A t  each ve loc i ty  condition. 
t h e  s ta t ic -pressure  d i f fe rence  across t h e  t e s t  hole  _was varied from 1.0 
t o  470 pounds per square foot ,  when p rac t i ca l .  
was approximately 75O F f o r  a l l  tests.  

The duc t -a i r  temperature 

CALCULATIONS 

The discharge coe f f i c i en t  
measured m a s s  flow t o  t h e  t h e o r e t i c a l  mass flow through the  hole 
The t h e o r e t i c a l  mass flow wth 
veloci ty  Vj, t h e  Je t  densi ty  p j ,  and the  hole area Ah. A s s u m i n g  
isentropic  flow, t h e  j e t  ve loc i ty  Vj and t h e  j e t  densi ty  p j  were de- 
termined from compressible-flow r e l a t i o n s  u t i l i z i n g  t h e  duct t o t a l  pres- 
sure Pd and t o t a l  temperature Td and t h e  j e t  s t a t i c  pressure pj. 

C w a s  ca lcu la ted  as t h e  r a t i o  of t h e  

was ca lcu la ted  as t h e  product of t he  j e t  
Wh/wth. 

RESULTS AND DISCUSS I O N  

The d a t a  f o r  zero crossflow with the  various hole  and flow passage 
geometries w i l l  b e  presented f irst .  
one geometric configurat ion w i l l  be  considered and used t o  i l l u s t r a t e  t h e  
method for  co r re l a t ion  of t h e  data .  F ina l ly ,  t h e  cor re la ted  data f o r  a l l  . 
geometric configurations and flow conditions invest igated w i l l  be ex- 
amined and compared. 

Then, data f o r  p a r a l l e l  flow w i t h  

I 
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Effects  of Pressure Ratio 

With zero crossflow. - Data presented i n  f i g u r e  2 show t h e  v a r i a t i o n  
i n  discharge coeff ic ient  with s ta t ic-pressure r a t i o  a t  zero crossflow f o r  
a l l  hole and duct configurations tested.  A hole having zero crossflow 
may be considered t o  represent the  f i n a l  a i r  admission hole i n  a combustor 
l i n e r  where a l l  t h e  a i r  flow approaching the  hole flows through t h e  hole. 
These da ta  show t h a t  t h e  discharge coeff ic ient  a t  zero crossflow var ies  
with hole and duct geometry as well  as with pressure r a t i o .  

approximately 0.60 a t  a pressure ratio of 1 .02  t o  approximately 0.64 a t  
a pressure r a t i o  of 1.30 ( f i g .  2 ) .  These r e s u l t s  a r e  comparable with those 
reported i n  reference 8 for  sharp-edged o r i f i c e s  with normal flow. How- 
ever, a decrease i n  hole diameter or  an increase i n  w a l l  thickness, so  t h a t  
t h e  r a t i o  of hole diameter t o  w a l l  thickness i s  less than approximately 
6.0 ( f i g .  2 ) ,  tends t o  increase t h e  discharge coef f ic ien t .  
charge coef f ic ien ts  obtained i n  these cases may be t h e  r e s u l t  of t h e  
r e l a t i v e l y  small diameter, long-length holes act ing as shor t  pipes 
( r e f .  9 ) .  An e f f e c t  of hole area r e l a t i v e  t o  duct area on discharge co- 
e f f i c i e n t  i s  a l so  shown i n  f igure  2 .  For t h e  configurat ion with a 1.50- 
inch-diameter hole and 0.74-inch duct height (hole-to-duct area r a t i o ,  
0 . 6 0 ) ,  t h e  discharge coef f ic ien t  is appreciably less than 0.60 a t  a pres- 
sure  r a t i o  of 1.02.  This discharge coeff ic ient  is  r e l a t i v e l y  low because 
of an e f f e c t  of approach ve loc i ty  vd which becomes appreciable f o r  
large-hole, small-duct configurations. Since, f o r  zero crossflow, the 
approach ve loc i ty  is  r e l a t e d  t o  t h e  j e t  ve loc i ty  by an area funct ion 

vd = v j  
as the  e f f e c t i v e  area of t h e  hole approaches t h a t  of t h e  duct. The 
important geometric f a c t o r s  a f fec t ing  discharge c o e f f i c i e n t  a t  zero cross- 
flow a r e  t h e  r a t i o  of hole  diameter t o  w a l l  thickness 2Ed t h e  r a t i o  of 
hole a r e a  t o  duct a rea .  

For 0.75- 
d inch-diameter thin-walled holes, t h e  discharge c o e f f i c i e n t  var ies  from 
m Ln 
M 

The high d i s -  

. 

P j  CAh 
- t h e  approach ve loc i ty  w i l l  approximate t h e  j e t  ve loc i ty  

d Ad’ 

With p a r a l l e l  flow. - Discharge-coefficient data  f o r  one geometric 
configuration (hole diam., 0.75 in . ;  wall thickness,  0.040 in.;  and duct 
height, 2 . 2 3  i n . )  with p a r a l l e l  flow are presented i n  f igure  3. 
crossflow data  ( f i g .  2 )  f o r  t h e  same configuration a r e  included t o  show 
t h e  e f f e c t  of pressure r a t i o  alone on discharge c o e f f i c i e n t .  With t h i s  
configuration, the  approach ve loc i ty  a t  zero crossflow w a s  negl ig ib le .  
The data f o r  parallel-flow v e l o c i t i e s  o f  40 t o  500 f e e t  per second show 
t h e  c o d  ined e f f e c t  of external-parallel-  flow ve loc i ty  and stat  ic-pressure 
r a t i o  on hole discharge coef f ic ien t .  The discharge coef f ic ien t  decreases 
with an increase i n  paral le l - f low veloci ty  and with a decrease i n  s t a t i c -  
pressure r a t i o  across the  hole. The trends shown i n  t h i s  f i g u r e  a r e  
t y p i c a l  of those observed with a l l  configurations invest igated.  

Zero 

c 
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Considering discharge c o e f f i c i e n t  as t h e  r a t i o  of j e t  cross- 
sect ional  area t o  hole area,  then, f o r  a given hole area,  the  discharge 
coef f ic ien t  will be a m a x i m u m  when j e t  area i s  m a x i m u m .  
be a maximum when the  j e t  a x i s  i s  normal t o  t h e  plane of the hole. This 
i s  t h e  case with normal flow where t h e  approach streamlines converge 
from a l l  d i rec t ions  towards the center  of the  hole so that t h e  discharge 
j e t  i s  symmetrical about the  axis of the  hole. 
flow, however, the  streamlines converge from the  general  d i rec t ion  of 
t h e  approach flow s o  that t h e  a x i s  of a j e t  i s su ing  from a hole i n  a 
t h i n  plate  is not  normal t o  the plane of t h e  hole ( r e f .  3 ) .  

i s  reduced and approaches 1, the  j e t  a x i s  i s  inc l ined  toward the  w a l l  
u n t i l ,  i n  the  l i m i t ,  the  j e t  axis i s  p a r a l l e l  t o  the  w a l l  and the j e t  
a r e a  becomes zero. Conversely, as t h e  pressure r a t i o  i s  increased, the  
angle between t h e  j e t  axis and t h e  w a l l  increases ,  and the  discharge co- 
e f f i c i e n t  approaches that obtained f o r  normal flow. 

J e t  area will 

With ex terna l  p a r a l l e l  

+ 
Lo cn 
m 

A t  a given 
paral le l - f low v e l o c i t y  (o ther  than zero) ,  as t h e  s ta t ic -pressure  r a t i o  

Correlation of Data . 
The data of f i g u r e  3 are rep lo t ted  i n  f igure  4 as a funct ion of a 

Pd - PJ 
dimensionless flow parameter which i s  t h e  r a t i o  of the  d i f f e r -  

ence between t h e  t o t a l  and s t a t i c  pressures of t h e  discharge j e t  t o  the  
difference between the t o t a l  and s t a t i c  pressures of t h e  paral le l - f low 
stream. In f i g u r e  4, the  data f o r  t h e  various paral le l - f low v e l o c i t i e s  
tend t o  form a common curve. However, f o r  any given paral le l - f low ve- 
l o c i t y ,  t h e  data f a l l  above t h i s  common curve f o r  t h e  higher values of 
t h e  flow parameter where t h e  s ta t ic -pressure  r a t i o  pd/pj i s  high. 
This increase i n  discharge coef f ic ien t  with increases  i n  s ta t ic -pressure  
r a t i o  i s  a l s o  ind ica ted  by t h e  zero crossflow data of f igure  3. I n  an 
attempt t o  determine a pressure-rat io  correct ion f a c t o r  f o r  p a r a l l e l -  
flow data, the zero-crossflow data of f i g u r e  3 were rep lo t ted  i n  f igure  
5 as the r a t i o  of t h e  discharge c o e f f i c i e n t  a t  a given pressure r a t i o  t o  
t h e  discharge coef f ic ien t  a t  a pressure r a t i o  of 1 (C/Cp).  
coef f ic ien t  data f o r  p a r a l l e l  flow were then corrected f o r  pressure- 
r a t i o  e f f e c t  by dividing the  discharge c o e f f i c i e n t  
f a c t o r  C/Cp determined from f i g u r e  5. The cor re la t ion  of corrected 
discharge c o e f f i c i e n t  with t h e  flow parameter f o r  each t e s t  s e r i e s  i s  
shown i n  f i g u r e  6. 

pd - Pd’ 

Discharge- 

C by a correct ion 

Although t h e  various t es t  s e r i e s  had d i f fe ren t  geometric configura- 
t i o n s ,  the use of pressure- ra t io  correct ion f a c t o r s  based on t h e  data of 
f i g u r e  5 b e s t  cor re la ted  the  data f o r  a l l  geometric configurations. In- 
cluded i n  f igure  6 are discharge coef f ic ien ts  f o r  zero crossflow deter- 
mined by extrapolat ion of t h e  appl icable  f a i r e d  curves i n  f i g u r e  2 t o  
a pressure r a t i o  of 1.0. These discharge coeff ic ients  were p l o t t e d  

.. 
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d 
In 
0-2 m 

( f i g .  6)  a t  values of t h e  flow parameter obtained from t h e  approximate 
r e l a t i o n  

This r e l a t i o n  w a s  derived from t h e  continuity equation assuming incom- 
press ib le  flow. In  f igures  6(a) ,  (b),  and (g)  t h e  values of these dis-  
charge coef f ic ien ts  f o r  zero crossflow d i f f e r  appreciably from those 
indicated by an extrapolat ion of t h e  fa i red  curves. This difference is 
due t o  t h e  use of pressure-rat io  correction f a c t o r s  based on t h e  data  of 
f i g u r e  5 instead of on data  f o r  l i k e  hole geometry. 

Flow parameter values grea te r  than 1 a t  zero discharge coef f ic ien t  
a r e  indicated i n  f igures  6 (  j )  and (k )  for 1.50-inch-diameter holes. 
I n  t h e  case of t h e  la rge  hole with p a r a l l e l  flow but no net flow through 
t h e  hole, t h e  j e t  s t a t i c  pressure measured l e s s  than duct s t a t i c  pressure, 
which resu l ted  i n  f i n i t e  values of the flow parameter. Similar r e s u l t s  
are reported i n  reference 10 i n  which s ta t ic -pressure  measurements a t  a 
r e l a t i v e l y  l a r g e  cutout of a tunnel wall, with zero net flow through t h e  
cutout, d i f fe red  appreciably from tunnel-wall s t a t i c  pressures.  

Effect of Boundary Layer 

The e f f e c t  of boundary layer  on hole discharge coef f ic ien ts  w a s  
determined with t e s t  holes having 0.125- and 0.25-inch diameters. 
Boundary-layer thickness is  defined herein as t h e  dis tance from t h e  duct 
w a l l  at which t h e  l o c a l  veloci ty  equals 0.99 of t h e  maximum veloci ty .  
Duct ve loc i ty  p r o f i l e s  presented i n  figure 7 show t h a t  boundary-layer 
thickness (a t  a plane 1 in .  upstream of t h e  center of t h e  tes t  hole)  w a s  
reduced from approximately 0.10 inch t o  l e s s  than 0.04 inch by means of 
boundary- layer  bleedof f 

A comparison of t h e  f a i r e d  curves i n  f igures  6(a>,  (b),  ( c ) ,  and 
(d) shows ( f i g .  8)  t h a t  a v a r i a t i o n  i n  boundary-layer thickness from 
0.10 t o  0.04 inch has a negl igible  effect  on t h e  discharge coeff ic ient  
f o r  both t h e  0.125- and t h e  0.25-inch-diameter holes. 
duct flow indicates  t h a t ,  without boundary-layer bleedoff,  both t h e  
average t o t a l  pressure and t h e  average veloci ty  of t h e  streamlines en- 
t e r i n g  t h e  t e s t  hole must be lower than those indicated by total-pressure 
measurements made i n  midstream. However, t h e  differences i n  pressure and 
veloci ty  may tend t o  compensate f o r  each other, and t h e  negl igible  e f fec t  
of boundary layer  shown i n  f igure  8 may be coincidental .  

A study of t h e  

. 
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Effect of Pressure Level . 
A comparison of f a i r e d  curves f o r  th ree  d i f fe ren t  duct s t a t i c  pres- 

sures (1060, 1910, and 3605 lb/sq f t  abs)  shows t h a t  s ta t ic -pressure  l e v e l  
had no s igni f icant  e f f e c t  on t h e  corrected discharge coef f ic ien t  ( f i g .  9 ) .  

Effect of Wall Thickness 
CA 
u3 The e f f e c t  of w a l l  thickness on discharge coef f ic ien t  f o r  a constant- ul 

diameter hole (0.75 i n . )  i s  shown i n  f i g u r e  10. A t  values of t h e  flow * 
parameter l e s s  than approximately 15, an increase i n  w a l l  thickness (from 
0.04 t o  0.50 i n . )  decreased t h e  discharge coeff ic ient ;  a t  values grea te r  
than 15, an increase i n  w a l l  thickness increased the  discharge coef f ic ien t .  
A t  high values of t h e  flow parameter, where t h e  j e t  ve loc i ty  i s  la rge  
compared with approach velocity,  the  e f f e c t  of w a l l  thickness on discharge 
coeff ic ient  i s  similar t o  t h a t  shown i n  figure 2 f o r  t h e  zero-crossflow 
condition . 

Effect of Hole Size 

The f a i r e d  c x v e s  from f igure  6 f o r  four d i f fe ren t  diameter holes 
The cor- (0.125, 0.25, 0.75, and 1.50 i n . )  a r e  compared i n  f i g u e  11. 

rected dischargc 
most of t h e  flow range. 
holes smaller than 0.75 inch i n  diameter had somewhat higher corrected 
dischasge coeff ic ients ;  t h i s  may not be e n t i r e l y  due t o  hole s i z e  e f f e c t s .  
A s  w a s  showr, i n  f igures  2 and 10, t h e  discharge coef f ic ien t  may be af- 
fected by wall  thickness i f  t h e  r a t i o  of hole diameter t o  w a l l  thickness 
i s  6.0 o r  l e s s .  In  t h e  present comparison t h e  w a l l  thickness f o r  a l l  
holes was 0.040 inch and t h e  r a t i o s  of hole diameter t o  w2.ll thickness 
f o r  the  holes w i t .  diameters of 0.125 and 0.25 inch we12 3.1 and 6 .2 ,  
respectively.  

a e f f i c i e n t  did not vary appreciably with hole s i z e  over 
However, a t  high values ol' t h e  flow parameter, 

I 

I 

A compariso7. Ljf corrected discharge coef f ic ien t  f o r  holes with d i f -  
f r r c n t  Liemeters (0.25 and 0.75 i n . ) ,  but having approximately constant 
rt1:,~a 2" P 3 1 ~  d i . l - 1 7 t r . -  t o  w a l l  thickness i s  shown i n  f igure  12 .  The hole 
w i t h  L i i  ::<uYLer liameter has a somewhat la rger  dischargc coeff ic ient  
throughout the  range of t h e  flow parameter. Similar r e s u l t s  a r e  shown 
i n  reference 2 f o r  the  case of s m a l l  holes with normal flow. 

Effect of Duct Height 

Figure 13 shows t h a t  with a 1.50-inch-diameter hole  a decrease i n  
duct height from 2.23  t o  0.74 inches had only a small e f f e c t  on t h e  
corrected discharge coef f ic ien t  a t  low values of t h e  f l o w  parameter. 
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However, duct height, or  more precisely t h e  r a t i o  of hole t o  duct areas  
a t  a s ta t ion ,  may l i m i t  t h e  maximum corrected discharge coeff ic ient  ob- 
t a i n a b l e  t o  values appreciably l e s s  than 0.60. With t h e  0.74-inch duct 
height (hole-to-duct area r a t i o ,  0.60), when t h e  flow parameter ( f i g .  
6 ( j ) )  reached a value of 10, t h e  mass flow through the hole equaled the  
mass flow approaching t h e  hole (zero crossflow). 
f low parameter, f igure 6(  j )  shows the corrected discharge coef f ic ien t  t o  
be 0.53. 
0.60 would be expected t o  have maximum corrected discharge coef f ic ien ts  
l e s s  than 0.53. 

A t  t h i s  value of t h e  

Configurations having hole-to-duct area r a t i o s  grea te r  than 

Corrected Discharge Coefficient 

The determination of mass air f l o w  through a given s i z e  l i n e r  hole 
or,  conversely, of t h e  hole s i z e  required f o r  a given air  flow requires 
a knowledge of t h e  discharge coeff ic ient  f o r  t h a t  hole. Curves of t h e  
form presented i n  f igures  5 and 10 t o  12  may be used t o  determine t h e  
required discharge coeff ic ient  provided t h e  external  flow i s  p a r a l l e l  t o  
t h e  plane of t h e  hole ( i . e . ,  t h e  external-flow-passage w a l l s  a r e  p a r a l l e l ) ,  
and t h e  j e t  veloci ty  is  grea te r  than the  internal-parallel-flow veloci ty .  
The r e s u l t s  of references 2 and 4 indicate t h a t  discharge coef f ic ien t  d a t a  
f o r  ex terna l  p a r a l l e l  flow should be applicable t o  t h e  case of combined 
i n t e r n a l  and external  p a r a l l e l  flow provided (1) t h e  je t  ve loc i ty  is  
grea te r  than t h e  internal-parallel-flow ve loc i ty  and ( 2 )  t h e  correct  j e t -  
o u t l e t  s t a t i c  pressure i s  used. A method f o r  determining discharge coef- 
f i c i e n t s  f o r  l i n e r  holes i s  presented i n  t h e  Appendix. 

SUMMARY OF RESULTS 

The following r e s u l t s  were obtained from an invest igat ion con- 
ducted t o  determine t h e  e f fec t  of various geometric and flow f a c t o r s  on 
discharge coef f ic ien ts  f o r  c i rcu lar  holes having p a r a l l e l  flow: 

1. For each geometric configuration t h e  discharge coeff ic ients ,  
corrected f o r  pressure-rat io  effects ,  were correlated with a flow parame- 
t e r  incorporating t h e  t o t a l  and s t a t i c  pressures of t h e  discharge j e t  and 
of t h e  parallel-flow stream. 

2. Within t h e  range investigated, t h e  e f f e c t s  of geometric factors ,  
such as hole s i z e  and w a l l  thickness a t  t h e  hole, on discharge coeff i -  
c i e n t s  f o r  c i r c u l a r  holes were small compared with t h e  e f f e c t s  of p a r a l l e l -  
flow veloci ty  and s ta t ic -pressure  r a t i o  across t h e  hole. Factors such as 
duct height, boundary-layer thickness, and duct s ta t ic -pressure  l e v e l  had 
a negl igible  e f f e c t  on dischazge coeff ic ient .  

Lewis  Fl ight  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, February 1, 1956 
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APPENDIX - APPLICATION OF DISCHARGE- COEFFIC IENT DATA . 
Discharge coeff ic ients  for  a given c i r c u l a r  l i n e r  hole or  hole s i z e  

required f o r  a desired a i r  flow may be determined by t h e  following pro- 
cedures u t i l i z i n g  the  curves of f igures  5 and 10 t o  12 .  These curves a r e  
applicable only t o  cases where t h e  external  flow i s  p a r a l l e l  t o  t h e  plane 
of t h e  hole ( i . e . ,  t h e  external-flow passage w a l l s  are p a r a l l e l ) .  
curves may be used f o r  t h e  case of combined i n t e r n a l  and ex terna l  p a r a l l e l  

These 

flow provided t h e  j e t  veloci ty  i s  grea te r  than t h e  internal-paral le l - f low 
2 and 

4 ) .  The use of these curves requires t h a t  t h e  t o t a l  Pd and s t a t i c  pd 
pressures of t h e  ex terna l  approach stream and t h e  j e t  s t a t i c  pressure 

p j  These pressures may b e  obtained by d i r e c t  
measurement i n  a combustor o r  by calculat ion from known values of com- 
bustor  mass a i r  flow, a i r  density, and flow passage areas  a t  per t inent  
s t  a t  ions. 

w 
CD 
VI 
Ip 

veloci ty  and t h e  correct  j e t - o u t l e t  s t a t i c  pressure i s  used ( r e f s .  

i n  t h e  l i n e r  be known. 

The discharge coef f ic ien t  f o r  a given l i n e r  hole may be determined 
as follows: 

(1) A t  t h e  computed value of t h e  flow parameter pd - 'j, a corrected 
'd - pd 

discharge coef f ic ien t  
l e c t e d  on t h e  b a s i s  of geometric s i m i l a r i t y  ( i n  diameter and w a l l  
thickness) t o  t h e  given hole configuration. 

Cp can be read from a curve ( f i g s .  10 t o  1 2 )  se- 

(2) A pressure-rat io  correct ion f a c t o r  - can be obtained from 
cP 

'd f i g u r e  5 a t  t h e  computed value of t h e  s ta t ic -pressure  r a t i o  -. 
P j 

(3) Then, t h e  corrected discharge coef f ic ien t  Cp ( s t e p  (1)) can be 
C multiplied by the  pressure-rat io  correct ion f a c t o r  - ( s t e p  ( 2 ) )  t o  

cP 
obtain the discharge coef f ic ien t  C f o r  t h e  hole.  

The curves ( f i g s .  5, 10 t o  1 2 )  may a l s o  be used t o  approximate t h e  
l i n e r  hole s i z e  required f o r  a desired mass a i r  flow through t h e  hole. 

(1) Calculate 

and t h e  j e t  density 

and p are known, t h e  method i s  as follows: j 

pd p j  - - (2 1 zi), V j  and pj.  The j e t  veloci ty  
Pj '  pd' 

p j  may be calculated from compressible-flow . 
. 
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r e l a t i o n s  assuming isentropic  flow as follows: 

* 
m m 
M 

1 - 

( 2 )  Determine t h e  e f fec t ive  hole area CAh i n  inches squared, 
from t h e  r e l a t i o n  

CAh = - wh 144 
P j v j  

(3) Obtain t h e  pressure-rat io  correction f a c t o r  - from t h e  curve 
cP 

pd i n  f igure  5 a t  t h e  calculated value of -. 
p j  

(4 )  Divide CAh ( s t e p  ( 2 ) )  by pressure-rat io  correct ion f a c t o r  
C - ( s tep  (3))  t o  obtain CpAh. 

cP 

(5) A t  t h e  c a l c u l a t e d v a l u e  of the flow parameter 

rec ted  discharge coef f ic ien t  
of f i g u r e  11. Cp can be read f o r  one of t h e  f a i r e d  curves 

(6)  A f irst  approximation of t h e  required hole area Ah i s  obtained 
from t h e  r e l a t i o n  

(7>  If t h e  r e s u l t i n g  hole diameter d i f f e r s  appreciably from t h a t  of 
t h e  faired curve used i n  f igure  11, it may b e  necessary t o  repeat  s teps  
(5) and ( 6 )  se lec t ing  a more applicable curve i n  f i g u r e  11. 

(8) I f  t h e  given l i n e r  w a l l  thickness d i f f e r s  appreciably from 0.040 
inch, an estimate of t h e  e f f e c t  of w a l l  thickness on hole discharge co- 

i s  assumed t h a t  t h e  e f f e c t s  of w a l l  thickness on t h e  discharge coef f ic ien t  
. e f f i c i e n t  may be obtained from figure 10. In  t h e  use of f i g u r e  10, it 
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P 

may be t rea ted  i n  terms of t h e  r a t i o  of hole diameter t o  w a l l  thickness, 
regardless of hole s i z e .  From f i g u r e  10, a t  the  value of t h e  flow param- 

e ter  (:: 1 :) (from s t e p  (I)), discharge coef f ic ien ts  Cp,a f o r  t h e  

r a t i o  of hole diameter t o  a c t u a l  w a l l  thickness and 
of hole diameter t o  the  0.040-inch w a l l  thickness may be determined by 
interpolat ion i f  necessary. 

b 

Cp,b f o r  the  r a t i o  

w 
UI 

corrected f o r  w a l l t h i c k -  (D 

ness e f fec ts  i s  obtained from tP 
( 9 )  Then the  discharge coef f ic ien t  Cp,t 

where Cp is t h e  value of t h e  discharge coef f ic ien t  obtained i n  s t e p  (5) .  

(10) The required hole area is  then obtained from 
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I .- . 

1 2 4 6 3-3 

( J )  Hole diameter, 1.50 inches; w a l l  th ickness  at 
hole; 0.040 inch; duct height,  0.74 inch; duct 
s t a t i c  pressure,  i910 pounds per sqa-e Ecst 
absolute j boundary-layer thlcckness, O,?.T .L;xli. 

Figure 6. - Continued. Vars'*atLon o f  com3cted a s -  
charge coe f f i c i en t  with f l a g  pszmeter- 
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c 

(k)  Hole diameter, 1.50 inchesj  w a l l  thickness at hole, 0.040 inchj  duct height, 
2.23 inchesj  duct s t a t i c  pressure, 1910 pounds per square foot absolute; 
boundary-layer thickness, 0.18 inch. 

Figure 6. - Concluded. Variation of corrected discharge coeff ic ient  with f l o w  
parameter. 

. 
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(a) With boundary-layer bleedoff. 
46 feet per second. Vd,maX’ 

(b) With boundary-layer bleedoff. 
VdfmaX, 540 f ee t  per second. 

.2 .4 .6 -8  0 .2 .4 .6 
Distance from duct w a l l ,  in .  

( c )  Without boundary-layer bleedoff. (d) Without boundary-layer bleedoff. 
Vd,-, 45 feet  per second. VdJmaX, 539 feet per second. 

Figure 7. - Boundary-layer velocity profiles 1 inch upstream of center of t e s t  hole. 
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1 2 4 6 8 10 20 40 60 80 10D 
- "j Flow parameter - ' pd - Pd 

Figure 13. - Effect of parallel-flow duct height on corrected discharge coeff i -  
c ien t .  Hole diameter, 1.50 inches, duct wklth; 4.0 inches. 

NACA - Langley Field, Va. 


